Plant cells can respond qualitatively and quantitatively to a wide range of environmental signals. Ca 2؉ is used as an intracellular signal for volume regulation in response to external osmotic changes. We show here that the spatiotemporal patterns of hypoosmotically induced Ca 2؉ signals vary dramatically with stimulus strength in embryonic cells of the marine alga Fucus. Biphasic or multiphasic Ca 2؉ signals reflect Ca 2؉ elevations in distinct cellular domains. These propagate via elemental Ca 2؉ release in nuclear or peripheral regions that are rich in endoplasmic reticulum. Cell volume regulation specifically requires Ca 2؉ elevation in apical peripheral regions, whereas an altered cell division rate occurs only in response to stimuli that cause Ca 2؉ elevation in nuclear regions.
Fucus ͉ Ca 2ϩ waves ͉ Ca 2ϩ sparks ͉ inositol 1,4,5-trisphosphate ͉ volume regulation P lant growth and development in a fluctuating environment requires the ability to sense and respond, both qualitatively and quantitatively, to different stimuli. Ca 2ϩ serves multiple roles as a second messenger (1) , although the spatiotemporal patterns of Ca 2ϩ signals, their mechanisms of propagation, and the ways in which specificity of response is encoded into appropriate downstream responses are poorly understood (1, 2) . Both the vacuole (3, 4) and endoplasmic reticulum (ER) (5) signal have been correlated with altered gene expression in animals and plants (6) (7) (8) (9) , the spatial patterns of environmentally induced Ca 2ϩ signals underlying short-term physiological responses or longer-term regulation of gene expression remain poorly resolved. Moreover, the relative importance of nuclear (10) wave as an essential signal arising in direct response to a physiological stimulus (13) . Fucoid algae inhabit the intertidal zone and experience regular and dramatic changes in their external osmotic environment. They have thus evolved physiological mechanisms for regulation of cell volume and provide an ideal system for studying the mechanism of physiological Ca 2ϩ signal propagation in plant cells.
Locally elevated Ca 2ϩ is required in the growth zone of several polarized plant cell types (11-14, 17, 18) . Two-celled Fucus embryos comprise a polarized growing rhizoid cell and a thallus cell. In their natural intertidal environment, they experience dramatic fluctuations in external osmotic conditions varying between extreme hypo-and hypersalinity. Hypo-osmotic treatment causes transient elevation of Ca 2ϩ that is also initiated in the apical rhizoid region (13) . Thus, osmotic Ca 2ϩ signals are generated in the same cell region as the Ca 2ϩ gradient involved in regulation of polarized growth, and it is not clear how responses of growth and osmoregulation to these Ca 2ϩ signals are integrated.
To determine the spatiotemporal patterns of Ca 2ϩ signals in response to different magnitudes of the same stimulus, we subjected two-celled Fucus embryos to varying degrees of hypoosmotic shock. In addition, we compared downstream responses to Ca 2ϩ signals that were generated in specific cell regions.
Materials and Methods
Plant Material and Dye Injection. Fucus serratus embryos were cultured to the two-celled stage in seawater (SW) for 24 h in unidirectional white light at 17°C as described (19, 20) . Rhizoid cells were pressure microinjected with 10-50 M concentrations of dye prepared in artificial cytoplasm solution (19, 20) . Dyes used included fura-2-dextran (10 kDa), Calcium Green-dextran (10 kDa), or a mixture of Calcium Green-dextran and Texas Red-dextrans (10 kDa) (Molecular Probes). were made on fura-2-dextran-injected rhizoid cells (19, 20) . For confocal imaging, zygotes were imaged after Ͼ3 h with a Bio-Rad (Hemel Hempstead, Hertfordshire, U.K.) 1024 confocal laser scanning microscope equipped with a Nikon ϫ40 (numerical aperture ϭ 1.3) oil immersion lens and an argon͞krypton laser. Cells injected with Calcium Green-dextran were imaged at 488 nm excitation and 522 nm emission, and those injected with Calcium Green͞Texas Red-dextrans were excited simultaneously with 488 and 568 nm laser lines and emission monitored at 522 nm (for Calcium Green) and 605 nm (for Texas Red). Dark background was subtracted at each wavelength before image acquisition. In all cases, cell autof luorescence accounted for less than 10% of the minimum dye f luorescence values. Fluorescence sections (normally 20 lines ϫ 512 pixels; 100 ms per section) and single confocal line scans (2 ms per line) of Calcium Green f luorescence, along the longitudinal axis of the rhizoid of injected zygotes were obtained with Bio-Rad TIME Abbreviations: ER, endoplasmic reticulum; Ins(1,4,5)P3, inositol 1,4,5-trisphosphate; SW, seawater. ‡ To whom reprint requests should be addressed. E-mail: cbr@mba.ac.uk.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Localized Ins(1,4,5)P3 Photorelease. Rhizoid cells were microinjected with a mixture of Calcium Green-dextran and Texas Red-dextran (10 kDa, final intracellular concentrations of 10-50 M) and caged Ins(1,4,5)P 3 (10 M, Calbiochem). Localized photorelease of Ins(1,4,5)P 3 was achieved with a UV-pulsed nitrogen laser (10-ns pulses, 20 Hz, 1-s exposure; VSL 337; Laser Science, Cambridge, MA) delivered and focused to an adjustable spot size via a beam expander and adjustable focusing lens in the fluorescence port, delivery optics, and microscope objective. Laser intensity was adjusted with an adjustable diaphragm on the delivery optics to achieve photorelease. Calcium Green and Texas Red fluorescence were monitored simultaneously as described above.
Image Analysis. After acquisition, Calcium Green images were ratioed sequentially against an initial pretreatment image to give relative changes in dye fluorescence (F͞Fo). The ratioed scans were spatially averaged with a 3 ϫ 3 pixel window by using Kinetic Imaging (Liverpool, U.K.) Lucida software which calculates the average of the fluorescence values of a 3 ϫ 3 pixel box and assigns the value to the pixel at the center of the box. Ratioed scans were displayed sequentially to form an image with the position along the rhizoid on the x axis and time on the y axis. For dual dye-injected zygotes, Calcium Green images were ratioed against the corresponding Texas Red image. Ca 2ϩ concentrations were calculated from Calcium Green͞Texas Red ratio values assuming elevation to saturating ratio values at the peak of the transient (13) and assuming a resting [Ca 2ϩ ] of 139 nM measured in studies with fura-2 (13) .
Line scans were displayed sequentially so that each image represents 1 s (512 lines). Three-dimensional plots were generated from these images by using Kinetic Imaging (Liverpool, U.K.) Lucida software. Statistical analysis of means, standard deviations, and variance of pixel values in a chosen area was performed before sequential ratio generation. The size and Green-dextran fluorescence in a rhizoid cell in response to transfer from 100% SW to 50% (B; n ϭ 26) or 90% (C; n ϭ 7) SW. Arrow indicates onset of osmotic treatment; a ϭ cell apex; n ϭ nuclear region. Confocal sections indicated were compiled sequentially to produce the pseudocolor temporal plots below each image.
shape of the area analyzed (normally 20 ϫ 20-50 pixels) was chosen to minimize variance of the Ca 2ϩ signal because of the temporal increase in fluorescence intensity at the wave front. The occurrence of elemental events was identified by the increased variance͞mean ratio of the calcium green fluorescence signal compared with the variance͞mean ratio of a corresponding Ca-independent signal. Individual events were identified as having a fluorescence pixel value of Ͼ2 SD of background fluorescence intensity after 3 ϫ 3 averaging.
Cell Division. Hypo-osmotic shocks of 15-min duration were administered to 24-h embryos at the two-cell stage. Cell numbers were counted after a further 12 h. Individual cells were visualized in confocal sections of embryos after incubation for 10 min with 1 M fluorescent membrane dye FM1-43 (Molecular Probes).
Results and Discussion
The magnitude, duration, and pattern of hypo-osmotically induced cytosolic Ca 2ϩ transients in the rhizoid cell strikingly depend on the magnitude of the stimulus (Fig. 1) . Severe shocks (e.g., from 100% SW to 50% or 60% SW) induced an almost immediate rapid elevation of Ca 2ϩ that declined within 100 s (Fig. 1 A) . This was characterized by an initial small transient elevation at the rhizoid apex that was followed, after 4-5 s, by an explosive Ca 2ϩ increase initiating in the nuclear region that propagated bidirectionally at approximately 20 m͞s (80% of cells; Fig. 1B ). This Ca 2ϩ elevation was not excluded from the nucleoplasm. In the remaining 20% of cells, Ca 2ϩ was seen to elevate in the nuclear region either before or simultaneously with the apical increase (Fig. 3B) . In contrast to severe shocks, milder hypo-osmotic shocks (e.g., 100% SW to 90% SW) elicited Ca 2ϩ elevations with a delayed onset (up to 60 s; Fig. 1 A and C) but which were significantly more prolonged. These were restricted to the rhizoid apex and did not propagate as Ca 2ϩ waves. Repetitive line scans along a longitudinal transect during the onset of hypo-osmotically induced Ca 2ϩ waves revealed nonuniform Ca 2ϩ elevations in highly discrete domains in both the rhizoid apex and perinuclear regions (Fig. 2 A and B) . Individual events were spatially confined and lasted for 15-30 ms (mean ϭ 24.9 Ϯ 1.2, n ϭ 29; Fig. 2 C-F) , characterized by a rapid onset (duration 7-8 ms, mean ϭ 7.2 Ϯ 0.25, n ϭ 25) and a slower decline (duration 17-20 ms; mean ϭ 19.9 Ϯ 1.4, n ϭ 25). We elevations that the amplitude of the events represents Ca 2ϩ levels up to 200-300 nM above resting levels. However, analysis of event amplitude and frequency is complicated by the fact that not all events detected in a defined area necessarily originated in the region of interest or the plane of focus (21) . There was no significant difference in the duration of apical and subapical events (25.0 Ϯ 1.7 ms; n ϭ 9 and 24.9 Ϯ 1.5 ms; n ϭ 14, respectively). During wave onset, the frequency of identifiable single events with amplitudes Ͼ 2 SD above the mean background level increased initially but declined as events became more clustered as the wave progressed (Fig. 2 E and G) . In areas of sustained elevation, it was more difficult to discern individual events because of the increase in background Ca 2ϩ . Unitary Ca 2ϩ elevations were often observed to occur repetitively in the same domain (Fig. 2D) spatially separated by regions with fewer events and significantly lower variance to mean ratios of pixel intensity (two-tailed 1% significance level Wilcoxon test; n 1 ϭ 11, n 2 ϭ 11). Simultaneous line scans of Calcium Green and Texas Red fluorescence gave variance to mean ratios of pixel intensity at propagating wave fronts ranging from 3.1 to 10 (mean ϭ 4.34, n ϭ 8) for Calcium Green and from 0.77 to 2.17 (mean ϭ 1.09, n ϭ 8) for Texas Red fluorescence. There was no change in fluorescence of the Texas Red signal during wave progression (not shown). The significantly higher spatial variance of the Ca 2ϩ -dependent fluorescence signal confirms that Ca 2ϩ elevation occurred by increased frequency of spatially discrete elevations.
In rhizoid cells that had undergone nuclear division but not partition wall formation (Fig. 3) , hypo-osmotically induced Ca 2ϩ waves were observed to propagate from either of the two nuclear regions (Fig. 3) . Most cells showed an initial transient elevation in the rhizoid apex followed by elevation in the apical nucleus (n1) spreading toward the subapical nucleus (n2) (Fig. 3A) . However, in a minority of cells (20%), Ca 2ϩ increased in the region of subapical nucleus either before, or simultaneous with, elevation at the rhizoid apex (Fig. 3B) , followed by elevation in apical nucleus. Thus, the elevation of Ca 2ϩ in the nuclear regions is not simply the result of a single propagating wave initiating at the rhizoid apex. The pattern of apical and perinuclear Ca 2ϩ elevations correlated well with the observed distribution of ER (Fig. 3C) . ER was prominent in the perinuclear region and at the cell apex but was only sparsely distributed in a chloroplast-rich region (not shown) 5-10 M behind the rhizoid apex.
To determine the respective roles of Ca 2ϩ signals in the apical and perinuclear regions, we monitored changes in rhizoid cell volume and rates of cell division following treatments that caused Ca 2ϩ elevations in these regions. The cell division rate was influenced by different degrees of hypo-osmotic shock. Significantly fewer two-cell embryos subjected to hypo-osmotic treatments (from 100% SW into 70% SW or less) that caused nuclear Ca 2ϩ signals, had progressed to the four-cell stage after 12 h compared with nonshocked embryos or those given treatments (from 100% SW into 90% SW) where Ca 2ϩ elevations were restricted to the rhizoid apex (Fig. 3D) . The response to more severe shocks was specific to cell division because rhizoid growth was unaffected by the hypo-osmotic treatment (Fig. 3 E  and F) . Ca 2ϩ elevations could be elicited in selected regions of the rhizoid cell by localized flash photolysis of caged Ins(1,4,5)P 3 (Fig. 4) . This suggests a role for Ins(1,4,5)P 3 in the generation of Ca 2ϩ signals in this system but does not provide direct proof that Ins(1,4,5)P 3 -generated Ca 2ϩ signals underlie responses to osmotic treatments. Photorelease of Ins(1,4,5)P 3 in the rhizoid apex caused Ca 2ϩ elevations that were restricted to this region (Fig. 4A) . Release of Ins(1,4,5)P 3 in the nuclear region produced elevations that propagated bidirectionally through the perinuclear region (Fig. 4B) but did not propagate to the extreme rhizoid apex (Fig. 4 B and C) . In most cells (80%), intranuclear Ca 2ϩ remained essentially unchanged in response to Ins(1,4,5)P 3 photorelease. However, in a minority of cells (20%), Ins(1,4,5)P 3 -induced Ca 2ϩ elevation was also observed to occur within the nucleoplasm (Fig. 4C) . Thus, in contrast to the osmotically induced nuclear Ca 2ϩ signal that was not excluded from the nucleus, the Ins(1,4,5)P 3 -induced Ca 2ϩ elevation did not necessarily permeate the nucleoplasm, suggesting the involvement of factors additional to cytosolic Ins(1,4,5)P 3 -induced Ca 2ϩ release during hypo-osmotic signaling. The nuclear envelope may thus form a barrier to diffusion of Ca 2ϩ or Ins(1,4,5)P 3 released in the perinuclear cytoplasm. Altered permeability of the nuclear envelope during the cell cycle (22, 23) elevations at the wave front (Fig. 4D) . Ins(1,4,5)P 3 events and osmotically induced events did not differ significantly in amplitude, spatial dimensions (diameter at half-maximum amplitude: 2.11 Ϯ 0.1 m, n ϭ 13 and 2.23 Ϯ 0.1 m, n ϭ 13, respectively), rise rate͞fall rate ratio (2.36, n ϭ 10 and 2.41, n ϭ 15, respectively), and duration (27.7 Ϯ 1.2 ms, n ϭ 10 and 24.9 Ϯ 1.2 ms, n ϭ 10, respectively). Comparison of cell volume before and after generation of Ins(1,4,5)P 3 -induced Ca 2ϩ transients showed that Ca 2ϩ elevations at the rhizoid apex, but not those in the nuclear regions, resulted in cell volume decrease (Fig. 4E) .
The occurrence of different Ca 2ϩ signaling patterns in clearly defined cellular domains in response to a graded stimulus provides new insights into the generation of specificity of responses. The Ca 2ϩ signal at the rhizoid apex is essential for turgor and volume regulation (13) and probably involves the regulation of ion channels that allow osmoregulatory ion efflux (24) . Polarized growth requires localized Ca 2ϩ elevation, transduced via Ca 2ϩ ͞calmodulin (25, 26) , regulation of targeted exocytosis (27) , and a functional cytoskeleton (28 elevation in the nuclear region. This has parallels with yeast where hypo-osmotic Ca 2ϩ transients monitored with aequorin luminescence correlate with inhibition of G2-M transition via activation of the mitogenactivated protein kinase MPK1 and calcineurin (29) .
Whereas it is clear that the vacuole can serve as a Ca 2ϩ source during intracellular signaling in plants (3, 4) , this demonstration of propagating Ca 2ϩ waves in ER-rich regions containing no significant vacuoles indicates the involvement of ER Ca 
